In some Proteobacteria and Firmicutes such as Pseudomonas aeruginosa, Vibrio cholerae, Xanthomonas campestris, and Clostridium difficile, cyclic dimeric guanosine monophosphate (c-di-GMP) is known to regulate cellular processes, including motility, biofilm formation, and virulence, as a second messenger. Cellulose production in
Introduction
Cyclic dimeric guanosine monophosphate (c-di-GMP) is a bacterial second messenger that controls a wide variety of cellular processes, such as biofilm formation [1] , virulence [2] , cell cycle [3] , and motility [3, 4] . In the c-di-GMP-dependent signaling cascades, c-di-GMP binds to different effectors, including transcription factors, degenerate GGDEF/EAL domain-containing proteins, PilZ domain-containing proteins, and even nucleotides; riboswitches [5, 6] . The transcription factor FleQ from Pseudomonas aeruginosa controls expression of flagellar genes and the biofilm-promoting pel operon [1] . Another transcription factor, Clp, from the plant pathogen Xanthomonas campestris suppresses virulence gene expression by increased intracellular level of c-di-GMP coupled with a quorum sensing system [2] . In Caulobacter crescentus, PopA that has a degenerate GGDEF motif binds c-di-GMP and is localized around the cell pole to interact with the downstream components for controlling the cell cycle [3] . DgrA from C. crescentus, which is classified as a PilZ domain-containing protein, blocks cell motility linked to flagellar motor function upon c-di-GMP binding [4] . Interestingly, c-di-GMP receptor was found not only in bacteria and PP4397 from Pseudomonas putida (PDB: 2GJG) have a C-terminal PilZ domain in conjunction with N-terminal YcgR-N domain. Interestingly, the ligand-binding stoichiometry and change in oligomeric state induced upon c-di-GMP binding are distinct from each other, although the same domain organization is employed in both proteins and conserved RxxxR and D/NxSxxG motifs are responsible for c-di-GMP binding. The structure of VCA0042 in complex with c-di-GMP showed that monomeric c-di-GMP was accommodated around the interface between the YcgR-N and PilZ domains [12] , whereas binding of two molecules of c-di-GMP induces the dimer-to-monomer transition of PP4397 [13] . Structural analysis of PA4608 from P. aeruginosa, which is one of the single PilZ proteins (PDB: 2L74) [14] , revealed that self-intercalated c-di-GMPs observed in the structure of holo-PP4397 were also seen in PA4608. Binding affinity and stoichiometry of c-di-GMP to VCA0042 or PP4397 were measured by isothermal titration calorimetry (ITC). The results of the experiments indicated that the residue just before the RxxxR motif affected the binding characteristics.
The membrane-associated cellulose synthase complex called terminal complex from
Acetobacter xylinum contains at least three polypeptides, i.e., cellulose synthase subunit (CeS) AB (or A and B in strain ATCC53582), C and D encoded within a single operon [15] . Among them, the structure of CeSD has been determined and a role of CeSD in exporting synthesized glucan chain was proposed [16] . CeSA was shown to be a membrane protein with a glycosyltransferase domain and PilZ domain. Previous studies showed that the biosynthesis of cellulose in A. xylinum [17] and other cellulose-synthesizing bacteria [18] was actually promoted by the increased level of c-di-GMP. Moreover, c-di-GMP weakly (30 M) bound to the PilZ domain conserved in the C-terminal region of bacterial CeSA in vitro [19] . However, the mechanism of recognition by the PilZ domain of CeSA is poorly understood.
In this study, we determined the crystal structure of PilZ domain of CeSA from A. xylinum (AxCeSA-PilZ). Furthermore, binding experiments using ITC were carried out to characterize the binding of c-di-GMP to AxCeSA-PilZ and mutants. Based on the results of the binding experiments, we propose a binding mechanism shared by the PilZ domain-containing proteins.
Materials and methods

Cloning, expression, and purification
AxCeSA-PilZ gene sequence fragment was amplified by PCR from A. xylinum containing 50 mM MES-NaOH buffer (pH 6.0) and 150 mM NaCl.
Crystallization
The purified AxCeSA-PilZ was concentrated by ultrafiltration using Vivaspin 6 with a 5000 molecular weight cutoff membrane (GE Healthcare) to a final concentration of 5 The first 4 residues of the other monomer (molB) in the asymmetric unit were not modeled because of a lack of significant electron density, and consequently 98 residues (Ser576-Gly670 and the C-terminal Leu-Glu-His) were built. The last three residues of both models became a part of the C-terminal -helix (1) in AxCeSA-PilZ. The overall structure of AxCeSA-PilZ adopts a six-stranded -barrel (1-6) flanked by the helix 1 (Fig. 1) . The 2 and 5 strands are curved and participated in two distinct -sheets forming a -barrel core; i.e., antiparallel 2-1-4-5 (-sheet 1) and 2-3-6-5
(-sheet 2) sheets. A structural similarity search using the DALI [25] The surface of AxCeSA-PilZ has a distinctly bipolar nature (Fig. 1) . The surface as well as wild-type AxCeSA-PilZ were prepared for the binding analysis using ITC.
The raw ITC data represented that the binding of c-di-GMP to all prepared proteins was exothermic (Fig. 2) . The integrated binding isotherm obtained from the experimental data determined the binding stoichiometry of c-di-GMP to each prepared protein and thermodynamic profiles of ligand binding ( Table 2 Based on the results of binding assays and known structures of PilZs, we propose a manner of interaction between c-di-GMP and PilZ, and a schematic model is shown in Fig. 4 . This model includes four residues (two arginine residues in the RxxxR motif and the residues on Positions X and Y) and four guanine bases in two bound c-di-GMPs, arranged in four layers and two columns. G1a-Position X, Arg I-G2b, Arg II-G1b, and
G2a-Position Y comprise four layers, whereas G1a-Arg I-Arg II-G2a and Position X-G2b-G1b-Position Y comprise two columns (Fig. 4) . Hydrogen bonds between a guanine base and an amino acid in the same layer are formed, whereas stacking or cation- interactions between a guanine base and a residue in the same column are formed. The residues at Position X and Position Y as well as the two conserved arginine residues in the RxxxR motif accomplish this symmetrical binding. 
